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Abstract 
Several cracks were found on some actual floating roofs of the crude oil tanks in a southern Japan refinery. It was 
assumed that one of the causes is due to thermal stress during the day. In order to figure out whether the thermal 
stress could cause damage on the floating roof, strain and temperature were measured on the actual floating roof 
by using optical fiber gauges. Furthermore, thermal stress analysis and fracture possibility estimation were also 
carried out as additional analysis. As a result, thermal stress on the floating roof turned to be relatively small and 
could not cause the initial crack. However, the temperature fluctuation in a day could affect the crack 
propagation. 
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An oil storage tank equipped with a floating roof is called a floating roof tank [1]. The floating roof 
covers the oil surface in order to prevent volatilization and contamination. The single-deck type 
floating roof is mainly composed of a thin deck and a pontoon maintaining buoyancy. The deck 
thickness does not depend on tank size and approximately 5mm thick steel plate is used even if the 
diameter is as much as 100m. Therefore, the floating roof is vulnerable to the external load such as 
earthquake motion. For example, the Tokachi-oki earthquake ground motion hit Tomakomai city in 
Hokkaido in Japan in 2003 and around 200 tanks had the damage in Hokaido at that time. One of them 
in Tomakomai city suffered serious damages on the floating roof. The roof lost the buoyancy from the 
pontoon and sank completely. As a result, the tank was on a whole surface fire for 44 hours [2]. 
 
According to the recent investigation conducted by the authors, several cracks were found on 
the floating roof of the crude oil tank in a southern Japan refinery [3]. The tank has 100,000 kL 
capacity, 80m diameter, and 22m height. The geographical features are that the refinery is located in 
the area where several big typhoons tend to pass every year and that the temperature difference 
between day and night is relatively large. In order to prevent the potential serious incident, it is 
necessary to investigate causes of the cracks on the floating roof. 
 
In this study, it was assumed that one of the causes was due to thermal stress on the floating 
roof tank during the day. Strain and temperature on the floating roof were measured by using an 
optical fiber gauge in order to comprehend the floating roof during the day. Thermal stress analysis 
was also conducted by using the finite element method (FEM) in order to compare with the 
measurement results on the actual floating roof. In addition to that, the fracture possibility of the deck 
plate due to cyclic thermal stress was estimated by means of probabilistic fracture mechanics 
approach. 
 
2. Measurement on the Actual Floating Roof 
 
In order to figure out whether the thermal stress could cause damage on the floating roof, strain and 
temperature were measured on the actual floating roof by using optical fiber gauges. The 
measurements were conducted on March, June and August in 2008 and on August in 2009. 
 
2.1 Sensor layout 
 
The floating roof on which several cracks were found is the single-deck type floating roof with an 
additional center pontoon. The tank has a diameter of 80m and height of 22m with a 100,000 kL 
capacity. The thickness of the deck plate is 4.8mm. The tank was built in 1980. 
In order to measure thermal stress amplitude during the day, optical fiber gauges equipping 
with the explosion-proof were adhered to the roof surface. Figure 1 and Figure 2 show the actual 
floating roof and layout optical fiber gauges to measure strain and temperature amplitude. “STR#” in  
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Table 1 shows the distance of strain gauges from the wall of the center pontoon. Temperature gauges 




Table 1 Sensor location on the floating roof. 
 Distance  from  the  wall  of  the  center  pontoon  in each direction (m) 
     
 0o 90 o 180 o 270 o 
STR1 11.8 12.1 12.0 12.0 
STR2 18.0 18.0 18.0 18.0 
STR3 24.1 24.0 24.0 24.0 
STR4 29.5 29.5 29.5 29.5 
     
 
2.2 Measurement results 
 
Figure 3 and Figure 4 show strain and temperature amplitude history in 0o direction during the day 
respectively. The origin of the time in both figures means 12A.M. Figure 3 shows that 412µStrain 
amplitude occurred in 12 hours around at STR 1 when temperature amplitude was 56 degree Celsius. 
If Young’s modulus is 206GPa, 83MPa stress amplitude will occur. This value is less than that of 
yield stress of general structure steel (245MPa) [4]. As for the result of STR4 in Fig. 3, the buckling 








3. Thermal Stress Analysis by Using FEM 
 
In order to comprehend the overall behavior of the floating roof, thermal stress analysis was conducted 
by using FEM analysis software, ADINA Ver. 8.3.1(ADINA R&D Inc.). 
 
3.1 Analytical model 
 
Figure 5 shows the analytical model. The two dimensional axisymmetric model was adapted by 
considering the symmetric feature of the floating roof. The numerical model was composed of the 
center pontoon, the deck plate, the pontoon, and the stiffener rings attached to the deck plate. The 
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thickness of each part was equivalent to the design thickness. The number of nodes and elements was 
348 and 60 respectively. Table 2 shows the material constants. The material was supposed to be the 
general structural steel, SS400 [4]. 
 
 
Figure 5 Two dimensional axial model. 
 














 3.2 External load and constrain condition 
 
Figure 6 shows the numerical temperature data based on measurement results and Fig. 7 shows 
temperature and constrain conditions. Temperature of the deck surface around the stiffener ring was 
around 10 degree Celsius smaller than that of other area because stiffener rings worked as a heat 
release fin. Even in the pontoon, the heat was likely to release from the inside wall of the pontoon. 
Therefore, temperature amplitude histories were given as two types of curves shown in Fig. 6. The 
circled numbers 1 and 2 in Fig. 7 correspond to the numbers in Fig. 6. This means that the temperature 
data of the circle number 1 in Fig. 6 was given to the deck surface excluding the surface above the 
stiffener rings. Also, the temperature data of the circle number 2 in Fig.6 was given to the pontoon 
surface and the surface above the stiffener rings. As for the inside wall of the pontoon shown as the 
line of the circle number 3 in Fig. 7, the initial temperature amplitude which was 32 degree Celsius 
was given. Regarding the constrain conditions, the horizontal translation was fixed on the center line 



















3.3 Numerical results 
 
Figure 8 shows the strain amplitude history obtained by the numerical simulation. According to Fig. 8, 
the strain amplitude history was subject to the temperature history and that the maximum strain 
amplitude occurred at around maximum temperature amplitude. Compared with Fig. 3, corresponding 
curves in Fig. 8 show almost the same amplitude except for STR 4. Regarding STR 4, the 
measurement result could show Snap-back. It is considered that imperfections in the actual floating 
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roof affected the deformation. The numerical model is the ideal model without imperfections, while 
the actual floating deck involves welded parts and additional pieces attached to the deck surface, which 
could be considered the origin of the buckling [5]. 
Figure 9 shows the effective stress history. Curves fluctuated within 8 to 18 hours. The 
maximum stress occurred at STR 4 in 10 hours. The maximum stress was at most 27.4MPa. In 
comparison with tensile strength of the general structure steel (400MPa) [4], the value of the maximum 
stress was fairly small. Furthermore, the maximum stress was less than the fatigue limit that is around 
100MPa in the case of the general structure steel [6]. From these results, thermal stress on the floating 


















Figure 8 Strain amplitude history of the 
numerical simulation. 
Figure 9 Effective stress amplitude history off 
the numerical simulation. 
 
4. Fracture Possibility due to Thermal Stress 
 
From the numerical results, cracks were unlikely to occur on the intact floating roof due to thermal 
stress. Next, initial cracks which occurred from any cause were discussed as to whether thermal stress 
allowed cracks to propagate or not. However, the crack occurrence involves a variety of uncertainties. 
Therefore, the fracture probability due to the thermal stress was estimated by using probabilistic 
fracture mechanics approach [7]. 
 
4.1 Fracture probability 
The fracture probability Pf is shown in Eq.(1). In this study, Pf was calculated by means of Monte 
Carlo Method that is the way to estimate the probability of a certain event subject to the probability 
density function [8]. Mf and Nt describe the total number of the fracture and the event respectively. 
The event was randomly given according to the random function [9]. 
 
Pf  = Mf/Nt (1) 
 
4.2 Flow chart to estimate fracture probability 
 
Figure 10 shows the flow chart to estimate the fracture probability. As for an initial crack a0, it shall be 
defined as a two dimensional surface crack shown in Fig. 11. The crack length a and thickness of the 
deck plate h have a dimension in mm. Details of the flow chart are described as follows: 
 
1) Initial crack: An initial crack a0 shall be subject to the probability density function p in Eq.(2). µ is 
the mean of the crack length in mm. Three cases (µ=h/3=1.6mm, h/4=1.2mm, and h/5=0.96mm) were 
considered. The number of the initial cracks given to the calculation was 1,000 in each case. All of the 
cracks were passed through the inspection process. The relatively large cracks that could be detected 
by the inspection were rejected and replaced. The probability function B(a), which describes that the 
inspection fails to detect the cracks, is given in Eq.(3) [10]. The coefficients α and β are 0.113 and 
0.005 respectively.  
 
2) Crack propagation: As for the crack propagation criteria, Paris law given in Eq.(4) was applied [7]. 
∆K is stress intensity factor range in MPa(m)1/2. Constant numbers C and m are 5.21×10-13 and 3.0 
respectively [11]. The crack shall propagate in case that ∆K is larger than threshold ∆Kth equal to 
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2MPa(m)1/2 [11]. The stress intensity ∆K is given as difference between maximum stress intensity 
factor Kmax and minimum intensity factor Kmin in Eq.(5). The stress intensity factor K is determined 
by using the cubic stress function shown in Eq.(6) [12]. The variable ξ is shown in Fig. 12 as the ratio 
of the crack length a to the deck thickness h. Coefficients Ai in Eq.(6) were decided to fit the stress 
distribution. According to Fig. 9, maximum effective stress was 27.4MP on the deck surface attached 
with the stiffener ring #1. Also, the effective stress on the opposed side of the deck surface was 
13.2MPa. Here, the stress function was simply defined as the linear function showing in Fig. 12. The 
stress intensity factor K is given as Eq.(7) based on the principle of superposition. The coefficient F0 
and F1 are give as Eq.(8) and Eq.(9) according to the ratio a/t [12, 13]. Also, the periodic inspection 
subject to the probability function shown in Eq.(3) shall be conducted every several years. In this 
simulation, the four cases (no periodic inspection, every 5 years, every 8 years and every 10 years) 
were tested.  
 
3) Fracture probability: Fracture probability was calculated by Eq.(1). The fracture condition refers to 
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5. Fracture Probability Results 
 
Figure 13 shows the fracture probability in case that average crack lengths are h/3, h/4, and h/5 
without any of the initial inspection or the periodic. According to Fig. 13, the larger the average crack 
length is, the earlier the fracture begins to occur. In the case of h/3, the fracture begins to cause in 7.2 
years and the fracture probability could attain to 0.45 in 30 years. Similarly, in the case of h/4, fracture 
would begin to occur in 12.8 years and the fracture probability could attain to 0.39 in 30 years. In the 
case of h/5, the fracture probability could attain to 0.21 within 18.8 years to 30 years. 
 
Next, Figure 14 shows the fracture probability considering the periodic inspection (every 5, 8 
and 10 years) in case of h/3. Figure 14 illustrates that the fracture probability can be approximately 
zero right after the periodic inspection. This result does not depend on the period of the inspection. 
The shorter the interval of the inspection is, the lower the maximum value of the fracture probability 
becomes. 
 
The actual tank shall be inspected every 8 years. Based on the period of service (about 30 

















Figure 13 Fracture probability Figure 14 Fracture probability 
(average crack length: h/3, h/4, h/5 considering the periodic inspection 
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6. Conclusion 
 
In order to investigate the cause of the crack occurrence on the floating roof, the measurement on the 
actual floating roof, the numerical simulation, and the fracture probabilistic estimation were carried 
out. Conclusions are shown as follows: 
 
(1) Strain and temperature amplitude history on the floating roof were measured by using optical 
fiber gauges. The maximum strain around the stiffener rings was around 400µStrain. However, the 
value of the estimated maximum stress was much smaller than the value of tensile strength of the 
general structure steel. 
 
(2) Thermal stress analysis was conducted by using the two dimensional axisymmetric model. 
Compared with the measurement results, the numerical results showed adequate value. The value of 
effective stress around the stiffener rings was at most 30MPa, which was less than the fatigue limit and 
the tensile strength of the general structure steel.  
 
(3) The initial cracks which occurred from any cause were discussed by probabilistic fracture 
mechanics approach. It is considered that the initial crack could propagate and penetrate by cyclic 
thermal stress over time, while the cracks unlikely occur on the intact deck due to thermal stress.  
 
(4) Considering the case in this study, the fracture probability can be estimated to be 4.3e-2. 
Generally, this probability would be small, while the results depend on the probability function. 
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